FIG. 1: Initial magnetization curves of Mni2-acetate at T = 
1.8K (black), T = 2.0K (red), and T = 2.4K (green). 



the field is faster than at Hz ^Hmm'- Tihis picture, first 
established by magnetic measurementsci, has been con- 
firmed ibMpthe ipctfefri EPR study of spin levels in Mni2- 
acetateffllia-BByy. 

The EPR experiments have demonstrated noticeable 
resonant absorption of electromagnetic radiation by 
molecular magnets. Most recently, it has been suggested 
that a crystal of magnetic molecules can alsa be a power- 
ful source of coherent microwave radiationEj. The radia- 
tion can be produced during the relaxation of the crystal 
towards the minimum of the magnetic energy. In this 
paper we provide first experimental support to this sug- 
gestion by demonstrating strong interaction between the 
Mni2-crystal and a microwave cavity. Our intention was 
to test whether placing the crystal inside a resonant cav- 
ity would result in any change in the magnetization curve. 
Before showing the experimental data, let us discuss why 
the detection of such an effect would constitute the evi- 
dence of the coherent radiation inside the cavity. 

Consider a crystal of Mni2-acetate magnetized in the 
negative Z-direction. At \Hz\ « 10 T the distance Ei 



line of the width Aw, the shape function is given by 



FIG. 2: Thermally assisted spin tunneling in spin-10 molec- 
ular magnets. 

between ni — —10 and m = — 9 levels in Fig. ^ is about 
14 K. Thus, at T « Ei, most of the molecules are oc- 
cupying the m = — 10 level. The occupation numbers 
of the excited states scale as exp{—E/T) where E is the 
energy distance from m = —10. In the absence of a very 
large transverse field, quantum tunneling from m = — 10 
in Mni2 has a negligibly low probability. The thermo- 
dynamic equilibrium is achieved either through thermal 
activation or through thermally assisted quantum tun- 
neling from excited states. The activation of molecules 
to the excited states is believed to be due to the absorp- 
tion of phonons. At T << Ei the rate of phonon-induced 
transitions from m = — 10_to to = — 9 for the Hamilto- 
nian of Eq. ([^) is given byll3 

^phonon- ^2T:pcf'^\ T j ' 

where loi = Ei/h is the frequency of the phonon (/i = 
Ci;i/27r w 300 GHz), p'^l.Sg/cm'^ is the mass density of 
the crystal, and Cs ^ 10^ cm/s is the speed of the trans- 
verse sound. At 2K Eq. yields Fp/ionon ~ 5xl0^s~^ 

In order to have any effect due to the electromagnetic 
radiation, the absorption of photons must have the rate 
comparable to the rate of the absorption of phonons. 
This can be achieved in the EPR experiment in which 
the sample is placed in the ac magnetic field Hac oscil- 
lating at frequency /i. The rate ofj-the absorption of 
photons in the EPR setup is given byllZl 

r photon = k^^HlFiu) , (4) 

where fc is a numerical factor of order one that depends 
on the polarization of photons and -F(w) is the shape 
function of the resonance. In the case of the Lorentzian 



It reduces to the Delta-function S{llj — cui) for Aw— >0. 
At a finite width, the maximal EPR rate is achieved 
at w = wi and is given by Tphoton ^ gf^BSH^^/hAH , 
where AH is the field width of the line, TiAuj = gusAH. 
In Mni2, AH is of order of 400 Oe. Consequently, at 
Hac ~ 1 Oe the rate of the absorption of EPR photons 
becomes comparable to the phonon rate of Eq. (|^) and 
the microwave power delivered to the Mni2 crystal can 
significantly alter the magnetic relaxation. 

In our experiments no external ac magnetic field has 
been used. The crystal of Mni2-acetate was simply 
placed inside a resonant cavity and the magnetization 
curve has been measured. Let us assume for the moment 
that only thermal photons are available for the transi- 
tions between, e.g., m = — 10 and m = —9 levels. The 
wavelength of these photons is comparable to the dimen- 
sions of the cavity. Their magnetic field can be then 
estimated from H^^/Stt ^ (hcoi/V) exp{—fiuJi/T), where 
y~5xl0~^cm^ is the volume of the cavity. This gives 
-f^ac ~ 3xlO~^Oe, as compared to i/ac ~ 1 Oe needed 
to beat the phonon rate in the EPR experiment at 
AH 400 Oe. Thus at 2 K thermal photons inside the 
cavity excite Mni2 molecules at a rate that is fifteen or- 
ders of magnitude lower than the phonon rate. This is 
mainly due to the fact that at any temperature each cubic 
centimeter of a solid contains (c/cs)'^ ~ 10^^ times more 
thermal phonons than thermal photons. At T = 2 K our 
cavity would have 10^"^ average number of thermal pho- 
tons of energy Ei. Consequently, the cavity should play 
absolutely no role in the magnetic relaxation unless it oc- 
casionally acquires a very large number of non-thermal 
photons. If all these photons have the same phase, their 
effect will be equivalent to the effect of the ac magnetic 
field in the EPR experiment and may become comparable 
to the effect of the phonons. 

Single crystals of Mni2-acetate have been grown with 
the average length and diameter of about 2 mm and 
0.2 mm respectively. The elongation of the crystals was 
along the c-axis. The coriventional composition and the 
structure of the crystalal3 have been established by chem- 
ical, infrared, and X-ray diffraction techniques. In addi- 
tion, the dc and ac magnetometry of the crystals have 
been performed. The same values of the blocking te mper r 
ature and resonance fields, as previously reportedcloEEl, 
have been found. 

In constructing resonant. CRvities we followed the pro- 
cedures described in Refs.t^c3. Five cylindrical cavities 
of different diameter and adjustable length were con- 
structed using 99.99% purity copper. Two diameters 
were used: 1.6 mm and 3.2 mm. The length of the cavity 
was controlled with the help of the same-purity copper 
rod connected to the upper surface of the cavity. The mi- 
crometric stepping motor control system was used that 
had the spatial resolution of 1 /im. The inner lateral and 



FIG. 4: The rate of magnetic relaxation in a Mni2-acetate 
crystal inside the cavity of diameter 1.6 mm at T = 2.0 K as 
a function of the cavity length at the second (black points) 
and third (red points) resonance fields. 



laxation rate, T = \M{H) ~ MeqiH)\-\dM/dH) (with 
Mgq being equilibrium magnetization), on the length of 
the cavity at two resonance fields is shown in Fig. ^ 

In a separate set of experiments we placed the Mni2- 
acetate crystal between two Fabry-Perot superconduct- 
ing mirrors. The_mirrors were prepared using method 
described in Rcf.Efl. The 200 nm YBaCuO layers were 
deposited by pulsed laser deposition on a 1 /Ltm SrTiOs 
substrate. Their superconducting properties below 90 K 
were verified by magnetic measurements. The magnitude 
of the diamagnetic signal from the mirrors was found to 
be comparable to the magnitude of the signal from the 
crystal, but independent from the distance between the 
mirrors. The demagnetization curves from the Fabry- 
Perot setup are shown in Fig. ^. The diamagnetic signal 
from the superconductors was subtracted from the total 
signal to obtain Fig. ||B. The dependence of dM/dH on 
the distance between the mirrors at = is shown in 
Fig. I 

The experimental data clearly demonstrate the depen- 
dence of the magnetic relaxation in Mni2-acetate crys- 
tals on the geometry of the cavity. We have verified that 
this phenomenon appears only in cavities of high qual- 
ity factor. Could it be due to effects unrelated to the 
electromagnetic properties of the cavity? The first thing 
that comes to mind is that in the confined geometry the 
cooling of the crystals by the flow of helium could be not 
perfect. The rate of thermally assisted quantum tip,- 
neling in Mni2 depends on temperature exponentiallyta. 
Thus, fluctuations in the hermetic properties of the cav- 
ity could, in principle, result in a significant change of the 
relaxation rate. For that reason we carefully monitored 
temperature inside the cavity. The temperature variation 
was found not to exceed 0.3 %. Such small fluctuations of 
temperature cannot account for any measurable change 
in the relaxation rate. All data on the dependence of 
the rate on the length of the cavity and the magnetic 



FIG. 6: dM/dH at = and T = 2.0 K for a Miii2-acetate 
crystal between superconducting mirrors as a function of the 
distance between the mirrors. 

cavity, however, a maser effect can take place if some of 
the frequencies of the emitted photons coincide with reso- 
nances of the cavity. The photon emitted by one molecule 
remains in the cavity and stimulates the emission of pho- 
tons by other molecules. The shortest wavelength, A, 
of a photon corresponds to the transition from to = 9 to 
TO = 10. For Mni2 at 77 = it is about 1 mm. The wave- 
lengths of photons emitted in other transitions are longer. 
Consequently, for a crystal of size 2 mm, the phase of 
the emitted photons is the same for a macroscopically 
large number of molecules, N = Nsr^ (A/ 2)'^. In that 
case the emission of photons by different molecules be,- 
comes correlated and the superradiance may occurE3Ej: 
The rate of the emission of a photon increases by a fac- 
tor NsR- This effect is much stronger for photons than 
for phonons because the wavelength of photons is (c/cs) 
times the wavelength of phonons of the same energy. 
Thus, the (cs/c)^ smallness of the phase space of pho- 
tons in comparison with the phase space of phonons is 
compensated by the {c/cg)^ times greater Nsr for pho- 
tons as compared to phonons. Crystals used in our ex- 
periments contained about 1.6x10^^ Mni2 molecules, so 
that each magnetization step in Fig. ^ and Fig. in- 
volved more than 10^^ molecules. For Q~ 3x10 the 
300 -Ghz photons stay inside the cavity during i ~ 10 ns. 
The reabsorption of the radiation by the crystal requires 
^photont > 1. According to Eq. (^), our picture is self- 
consistent if during the 10 s field sweep across the tun- 
neling resonance of width AH ^ 400 Oe the cavity was 
affecting the magnetic relaxation through 10'^{AH/Ah) 
microbursts of superradiance of duration 10 ns or less, 
each burst involving 10^^(A/i/AiJ) molecules whose res- 
onances were distributed within Ah < 1 Oe. 

The effect of 10^^ {Ah /AH) coherent photons inside 
the cavity would be similar to the effect of the 1 Oe ac 
magnetic field in the EPR experiment. That is, the ab- 
sorption of the photons increases the population of the 
levels with m > —10 in Fig. as compared to their ther- 
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mal population. Contrary to the EPR experiment, how- 
ever, in our case the photons absorbed in the left well in 
Fig. H must be the same photons that are emitted in the 
right well. One can think about this process as the recy- 
cling of the emitted photons by the crystal after the num- 
ber of photons in the cavity reaches the critical value. To 
affect the magnetic relaxation, one of the frequencies, to, 
of the emitted photons should satisfy two conditions. The 
first condition is that hoj coincides with one of the dis- 
tances between the spin levels in the metastable well (the 
left staircase in Fig. It is fulfilled for certain values 
of the field — Hr which are uniquely determined by 
the spin Hamiltonian. If A in Eq. (|l|) was zero, the fields 
Hr would coincide with Hmm'{A = 0) = Hn = nD/g^B- 
Because of A^O, however, Hr are different from Hmm' 
of Eq. (j^), except for H^ = 0. Nevertheless, due to the 
fact that A « D, the fields Hr must group around 
Hn- The second condition is that the resonant frequency 
corresponding to H^ — Hr also coincides with one of the 
resonances of the cavity. It is achieved by manipulating 
the length of the cylindrical cavity or the distance be- 
tween superconducting mirrors in the Fabry-Perot setup. 

Strong support to the above picture comes from the 
fact that the main period of oscillations of the relaxation 
rate on the distance between superconducting mirrors, 
(see Fig. ||) is about 0.5 mm, which is one-half of the 
wavelength of the 300 Ghz photons responsible for the 
transitions between m = — 10 and m = —9 levels. This 
resonance is the most important one because almost all 
molecules initially occupy the m = — 10 state. Exciting 
these molecules to the to = — 9 level alone changes the 
effective energy barrier by i?i « 14K, thus increasing the 
relaxation rate by a factor exp(£'i/T) ~ 10'^. For cavities. 



the length-dependence of the relaxation rate is more com- 
plicated. Photons emitted in the magnetic dipole transi- 
tions should be in resonance with the TM modes of the 
cavity. The latter, for a cavity of radius R and length L, 
satisfy 



i?2 



9 9 9 



(6) 



where p — 1,2,3,... and x = Kmn is the n-th zero of 
the Bessel function Jm{x). Matching the spectrum of 
the spin levels of Mni2-acetate with the spectrum of the 
cavity should be the way to explain the dependence of 
the magnetic relaxation on the length of the cavity. We 
have not succeeded in that task so far. Both spectra are 
rather dense. Their comparison is complicated by the 
distribution of energy levels due to dipolar and hyperfine 
fields, crystal imperfections, etc. 

The main message that we want to disseminate is that 
the magnetic relaxation of molecular nanomagnets in- 
side a resonant cavity differs from the magnetic relax- 
ation outside the cavity. It seems impossible to un- 
derstand this effect without invoking the superradiance. 
Our findings open the possibility of building a microwave 
laser pumped by the magnetic field. Measurements of 
microwave radiation from cavities containing crystals of 
molecular nanomagnets should be the next step in this 
direction. 
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